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a b s t r a c t

The Late Paleozoic Ice Age (LPIA) was a principal control of sedimentation across Gondwana from the late
Devonian through early Permian. We assess the hypothesis that glacial to interglacial transitions in west-
ern Argentina were the primary control influencing sediment routing patterns among the various
Carboniferous-Permian basins in western Argentina. The Carboniferous Ansilta Formation consists of gla-
ciomarine, nearshore, and fluvial systems deposited during the LPIA along the eastern margin of the
Calingasta-Uspallata Basin in Argentina. The lower, glacially influenced succession of the Ansilta
Formation records at least five glacial advances; the upper succession of consists of progradational shal-
low marine, deltaic, and fluvial strata. We combine 1225 new U–Pb zircon ages from six samples of the
Carboniferous Ansilta Formation in the Calingasta-Uspallata Basin with 5864 U–Pb ages from 147 pub-
lished samples in the detritalPy-mix forward mixture model to characterize provenance shifts. For the gla-
cially influenced lower Ansilta Formation, sediment was derived locally from the Protoprecordillera,
which was a prominent highland with alpine glaciers flowing west and east into the Calingasta-
Uspallata and Paganzo basins, respectively. Thus, there was little or no connection between these two
basins during Serpukhovian-Bashkirian glaciation. The fluvial/deltaic upper Ansilta had distal sediment
sources in the Sierras Pampeanas. Furthermore, our results support the collapse of the
Protoprecordillera topographic barrier, enabling drainage patterns connecting the Paganzo and
Calingasta-Uspallata basins by late Pennsylvanian-early Permian time.
� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Late Paleozoic Ice Age (LPIA) involved numerous, tempo-
rally and spatially distinct glaciations throughout the southern
hemisphere (López-Gamundí, 1997; Isbell et al., 2003, 2012,
2021; Fielding et al., 2008a, 2008b; Montañez and Poulsen, 2013;
Cagliari et al., 2016, 2023; Griffis et al., 2018, 2019; Mottin et al.,
2018, 2023; Craddock et al., 2019; López-Gamundí et al., 2021;
Rosa and Isbell, 2021; Veroslavsky et al., 2021). Far-field effects
of these glaciations are known in the northern hemisphere (e.g.
Crowell, 1970; Veevers and Powell, 1987; Crowell, 1999; Isbell
et al., 2003, 2012, 2016; Heckel, 2008, 2022; Rygel et al., 2008;

Shi and Waterhouse, 2010; Kissock et al., 2018; Thomas et al.,
2020).

Multiple episodes of alpine and continental glaciation are evi-
dent (López-Gamundí, 1997; Isbell et al., 2003; Craddock et al.,
2019; López-Gamundí et al., 2021; Rosa and Isbell, 2021). In north-
ern Brazil, Peru, Bolivia, and Argentina, glaciation began during the
Famennian and expanded through western Gondwana during the
Tournissian and Visean (e.g., Caputo and Crowell, 1985; Díaz-
Martínez et al., 1999; Caputo et al., 2008; Isaacson et al., 2008;
Playford et al., 2012; Caputo and Santos, 2020; López-Gamundí
et al., 2021). The first glacial acme occurred during the
Serpukhovian-Bashkirian (�327–318 Ma) with evidence of glacia-
tion in southern Bolivia, western Argentina, the Paraná Basin, the
Solimões and Amazonas basins in Brazil, possibly southern Africa,
and in eastern Australia followed by sporadic glaciation through-
out the rest of the Pennsylvanian (López-Gamundí et al., 1987,
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2021; Limarino et al., 2002; Fielding et al., 2008a,b; Henry et al.,
2008; Gulbranson et al., 2010; Rosa et al., 2019; Pauls et al.,
2021; Rosa and Isbell, 2021; Correa et al., 2022; Malone et al.,
2023a). A second glacial acme recorded by glaciogenic strata across
Gondwana occurred during the late Pennsylvanian-early Permian,
with records in the Paraná Basin, Falkland/Malvinas Islands, Ven-
tana Fold belt in South America, Karoo and Kalahari basins in
Southern Africa, Antarctica, India, the Arabian Peninsula, Australia,
and in dispersed terranes now located in southern Asia (Visser,
1987, 1989, 1997; von Brunn, 1996; Trewin et al., 2002; Fielding
et al., 2008a, 2008b, 2022; Isbell et al., 2008a, 2008b; Rocha-
Campos et al., 2008; Martin et al., 2012, 2019; Mory, 2017;
Horan et al., 2018; Craddock et al., 2019; An et al., 2023;
Choudhuri et al., 2023; Malone et al., 2023b). Glaciation continued
in South Africa until the middle Permian, and until the late Per-
mian in Eastern Australia (Griffis et al., 2019; Fielding et al., 2022).

Recent work in the various South American basins has refined
the LPIA into five short glacial episodes (López-Gamundí et al.,
2021). These are the Famenian-Tournaisian ‘‘Event 1” recorded in
the Tarija, Chaco-Parana and Río Blanco basins, the Tournaisian
‘‘Event 2” evident in the Calingasta-Uspallata Basin, the Visean
‘‘Event 3” interpreted in the Calingasta-Uspallata, Tarija, Chaco-
Paraná basins, the Serpukhovian-Bashkirian ‘‘Event 4” that
occurred throughout southwestern Gondwana, and the
Pennsylvanian-early Permian ‘‘Event 5”, which occurred exten-
sively throughout eastern South America in the linked Paraná,
CChaco-Paraná, Norte, Claromecó/Sauce Grande/Ventana fold belt
basins (Fig. 1).

Diamictites occur in the late Paleozoic basins and paleovalleys
of Argentina, Brazil, Uruguay, Paraguay, and Bolivia (López-
Gamundi and Buatois, 2010; Limarino et al., 2014a; Isbell et al.,
2023; Fig. 1). In west-central Argentina, Serpukovian-Bashkirian
proximal to distal glaciomarine and rare subglacial deposits occur
in the Calingasta-Uspallata, Paganzo, and Río Blanco basins (López-
Gamundí et al., 1987, 2016; Henry et al., 2008, 2010; Aquino et al.,
2014; Alonso-Muruaga et al., 2018; Valdez Buso et al., 2020; Pauls
et al., 2021; Correa et al., 2022; Malone et al., 2023a). The
Calingasta-Uspallata Basin stratigraphic succession, including the
Agua de Jagüel, Hoyada Verde, Leoncito, Majaditas, El Paso and
Ansilta formations, many of which occur in paleovalleys, provide
ample evidence of glacially influenced sedimentation. Various
palaeontologic methods and the dating of ash beds have been used
to establish biostratigraphic correlations among these widely sep-
arated successions (Fig. 2; Césari and Gutiérrez, 2001; Taboada,
2004, 2009; Gulbranson et al., 2010; Césari et al., 2011, 2014,
2021; Valdez Buso et al., 2017).

Although strata in the Paganzo Basin to the east and the Río
Blanco Basin to the north (Gulbranson et al., 2010; Césari et al.,
2019; Valdez Buso et al., 2021) have some geochronologic control
(Césari and Gutiérrez, 2001; Taboada, 2004, 2009, 2010; Césari
et al., 2011, 2014; Limarino et al., 2014a; Pauls et al., 2021), such
control for the Calingasta-Uspallata Basin is not yet established.
The lower Ansilta Formation in the Calingasta-Uspallata Basin in
Leoncito National Park consists of a lower diamictite-bearing suc-
cession that was deposited during the late Serpukhovian to early
Bashkirian western Gondwana glacial maximum. The upper suc-
cession of the Ansilta Formation here includes shallowmarine, del-
taic, and fluvial strata that may be as young as the early Permian
(Isbell et al., 2003, 2012, 2021; Gulbranson et al., 2010; Césari
et al., 2014; Limarino et al., 2014b; López-Gamundí et al., 2021;
Rosa and Isbell, 2021; Malone et al., 2023a). Taboada (2010) char-
acterized the lower Ansilta diamictite interval and the overlying
non-glacial nearshore succession as being Serpukhovian-
Bashkirian due to the presence of Nothorhacopteris–Botrychiopsis–
Ginkgophyllum (NBG biozone) flora and post-glacial fauna. Césari
et al. (2014) identified Permian flora in fluvial strata from the top

of the upper succession, which places an early Cisuralian age for
the uppermost boundary.

Detrital zircon U–Pb geochronology is an important application
for determining sedimentary provenance and for understanding
Carboniferous sediment dispersal patterns in Gondwana (e.g.,
Craddock et al., 2019; Pauls et al., 2021; Ives et al., 2022; Malone
et al., 2023b) and globally (e.g. Kissock et al., 2018; Thomas
et al., 2020). This paper presents a detailed provenance analysis
of the Ansilta Formation of the northern part of the Calingasta-
Uspallata Basin (Fig. 1); it is based on the facies and sequence
stratigraphic analysis of this same section (Malone et al., 2023a).
By integrating these near- (i.e., sequence stratigraphy and facies
sedimentology) and far-field (detrital zircon U–Pb geochronology)
proxies, we provide new insights into the glacial dynamics and
paleogeographic setting for NW Argentina during and after the
mid-Carboniferous boundary of the LPIA (Isbell et al., 2021;
López-Gamundí et al., 2021). Our aim is to assess the provenance
of the Ansilta Formation to better understand the nature, location,
and extent of glaciation, and determine whether sediments were
sourced locally, or if a distal ice sheet or ice cap further to the east
fed ice into the Ansilta paleovalley of the Protoprecordillera.
Specifically, the scientific questions that we address are:

(1) Is the glacially influenced succession of the lower Ansilta
Formation sourced locally from the present Precordillera or is a
distal eastern sediment source observable? The implications of
the former would permit the interpretation that the Protopre-
cordillera was a prominent highland with alpine glaciers flowing
east and west into the Calingasta-Uspallata and Paganzo basins,
respectively. This would imply that the Calingasta-Uspallata and
Paganzo basins were not connected in this section of the range dur-
ing the mid-Carboniferous glaciation, and that glaciation may have
been limited to uplifts in the Protoprecordillera with other uplifts
in the western Paganzo Basin also housing ice caps of alpine gla-
ciers (Limarino and Gutierrez, 1990; Henry et al., 2008; Columbi
et al., 2018; Craddock et al., 2019; Pauls et al., 2021), rather than
continental in scale at that time. A distal eastern sediment source
for the lower Ansilta Formation would permit the interpretation
that continental-scale glaciation occurred, with an ice dome fur-
ther to the east overlying the eastern Sierra Pampeanas, Rio de
La Plata Craton, eastern Africa, or Antarctica. This hypothesis is
supported by the work of Starck et al. (2021) who identified Pale-
oproterozoic granite boulders in Pennsylvanian diamictite in the
Tarija basin to the north. These boulders must have been sourced
more than 1000 km to the east in the Rio de la Plata craton, which
is similar in scale to what was reported by Malone et al. (2022) for
the Laurentide glaciations of North America. Starck et al. (2021),
however, ignore the occurrence of Paleoproterozoic granitic rocks
located much closer to the site of that study. Geologic maps show
rocks of this age north of Concepción, Paraguay and possibly
underlying the thick Cenozoic package that blank eastern Bolivia
and western Paraguay, both of which are located less than
500 km away to the east (Gómez Tapias, 2019). In addition,
Milana and Di Pasquo (2019, 2023) record significant relief along
the basal erosional surface and a lack of onlapping glacial deposits
within the paleovalley of the Del Salto Formation in the western
Precordillera as well as inferred deposition of the Tontal section
being near sea level without influence of a prominent topographic
feature. This examination of strata in the northern Calingasta-
Uspallata basin led them to the interpretation of a more extensive
Serpuhkovian-Bashkirian glaciation that drained through the Pre-
cordillera and covered the Paganzo basin and large areas to the
east. Their examination ignored other paleovalleys in the Precor-
dillera, some of which drain to the east that contain mid-
Carboniferous glaciogenic strata and are over 1000 m deep
(Kneller et al., 2004; Dykstra et al., 2006; Henry et al., 2010;
Aquino et al., 2014; Alonso-Muruaga et al., 2018).
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(2) Does the detrital zircon U–Pb provenance of the Ansilta For-
mation shift following the transition from glacially influenced to
marginal marine deposition corresponding to the sequence strati-
graphic and facies changes interpreted by Malone et al. (2023a).
No provenance change would indicate that the Protoprecordillera
remained a prominent topographic and sediment barrier through-
out Ansilta deposition here. Correa et al. (2022), based on biostrati-
graphic and sedimentological evidence within strata of the
Calingasta-Uspallata basin, interpret that the Protoprecordillera
collapse occurred during the latest Pennsylvanian to early Permian
time and coeval with the height of distal latest Pennsylvanian to
early Permian continental-scale glaciation. Therefore, if the upper
Ansilta Formation was sourced from distal eastern sources (Sierras
Pampeanas and/or Famatinian arc, and perhaps the Rio de la Plata
craton), this would imply a collapse of the Protoprecordillera and
enable sediment to be delivered to the Calingasta-Uspallata Basin.

2. Geologic setting

2.1. Regional geologic framework

The western Gondwanan margin of present-day Argentina con-
sists of an assemblage of accreted terranes (Pampia, Cuyania, and

Chilenia), igneous intrusions, and subsequent metamorphosed
units (Ramos, 1988; Pankhurst et al., 1998; Ramos et al., 1998,
2015; Rapela et al., 1998, 2007; Rapalini, 2005; Dahlquist et al.,
2010). The Pampia terrane, also known as the Sierras Pampeanas,
accreted to the Gondwanan margin during the Neoproterozoic to
Cambrian (Rapela et al., 1998, 2007; Rino et al., 2008; Ramos
et al., 2015). The Sierras Pampeanas are subdivided into two
regions: (1) Eastern Sierras Pampeanas, (2) Western Sierras Pam-
peanas (see discussion below). Westward of the Pampia terrane
lies the Cuyania terrane, which rifted from southern Laurentia dur-
ing the latest Neoproterozoic- Cambrian (Kay et al., 1996; Keller
et al., 1998; Keller, 1999; Casquet et al., 2001, 2012; Ramos,
2004; Freiburg et al., 2022) and accreted to the western margin
of Gondwana between 460 Ma and 435 Ma. Much of the
Grenville-age (1.2–1.0 Ga) crystalline basement within the Cuyania
terrane (Kay et al., 1996; Thomas and Astini, 1996; Martin et al.,
2020) is overlain by Neoproterozoic, Cambrian, Ordovician, and Sil-
urian strata (Huff et al., 1998; Keller, 1999; Dahlquist et al., 2010;
Naipauer et al., 2010; Verdecchia et al., 2011, 2014; Casquet et al.,
2012; Sial et al., 2013), however, this region was intruded by the
Ordovician Famatinian magmatic belt emplaced from 490 Ma to
450 Ma, with the main magmatism occurring between 490 Ma
and 470 Ma (Pankhurst et al., 1998, 2000; Ramos et al., 1998;

Fig. 1. (A) Regional map of the distribution of late Paleozoic basins and interpreted basement paleotopographic highs in South America. Modified from Henry et al. (2010),
Moxness et al. (2018) and Malone et al. (2023a). (B) Map of the Precordillera and adjacent basins. Red shaded box is the study area. (C-D) Cross sections of the principal late
Paleozoic tectonic, sedimentary, and cryogenic features. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Ramos, 1999; Rapela et al., 2018; Larrovere et al., 2021). The N–S
trending Famatinian magmatic belt is interpreted as a marginal
arc that developed as Cuyania converged on the Argentine region
of Gondwana (Pankhurst et al., 1998, 2000; Vujovich and Ostera,
2003; Dahlquist et al., 2010; Enkelmann et al., 2014; Ducea et al.,
2015). Post orogenic Devonian to early Carboniferous granites
intruded into the Famatina magmatic belt (365–345 Ma;
Pankhurst et al., 1998; Dahlquist et al., 2010; Martina et al., 2018).

The accretion of the Chilenia terrane during the middle Devo-
nian to early Mississippian resulted in the Chañic orogeny, result-
ing in the exhumation of the Protoprecordillera (Ramos et al., 1984,
1986; Limarino et al., 2006; Arnol et al., 2022; Dahlquist et al.,
2022; García-Sansegundo et al., 2023). Prior to accretion, strata
of the Precordillera existed as a thick succession of deep marine
siliciclastic rocks, which were part of an accretionary prism
(Thomas et al., 2015; Ariza et al., 2018). Post-collisional orogenic
collapse of the Protoprecordillera occurred during the Carbonifer-
ous as subduction shifted westward, enabling this region to evolve
into an intra-arc basin.

2.2. Late Paleozoic ice age (LPIA)

The extent and duration of the glacial episode(s) throughout the
LPIA have been the focus of hundreds of studies, most recently
summarized by Henry et al. (2010), Rosa and Isbell (2021),
López-Gamundí et al. (2021), and Montañez (2022). While some
propose the idea of a single continental-scale ice sheet covering
southern Gondwana (Scotese and Barrett, 1990; Starck and Del
Papa, 2006; Starck et al., 2021), others propose several smaller, dis-
connected, ice centers dispersed around Gondwana (Isbell et al.,
2012, 2021; Montañez and Poulsen, 2013; Griffis et al., 2019;
López-Gamundí et al., 2021). The principal drivers of LPIA glacia-

tions include long-term tectonic raising and lowering of the
equilibrium-line altitude (Isbell et al., 2012; Montañez and
Poulsen, 2013), migration of Gondwana across the South Pole
resulting in shifting glacial centers (Caputo and Crowell, 1985;
Scotese and Barrett, 1990), perturbations in global CO2 levels
(Montañez et al., 2016), explosive volcanism (Soreghan et al.,
2019), and the trapping of humid air masses (Pauls, 2020; Dávila
et al., 2021; Pauls et al., 2021). Late Paleozoic strata in western-
Argentina constrain at least two glacial episodes, each spanning
about 8 m.y.: Visean-early Serpukhovian and late Serpukhovian-
early Bashkirian (Césari et al., 2011; Rosa and Isbell, 2021). During
these episodes, alpine glaciers radiated from the Protoprecordillera
into both the Calingasta-Uspallata and Paganzo basins (López-
Gamundí et al., 1994; Dykstra et al., 2006; Limarino et al., 2006;
Henry et al., 2010; Aquino et al., 2014; Valdez Buso et al., 2017,
2020; Milana and Di Pasquo, 2019; Pauls, 2020; Pauls et al.,
2021; Correa et al., 2022; Malone et al., 2023a). Evidence for this
model are paleovalleys with > 1000 m of relief that contain glacio-
genic strata deposited by tidewater glaciers (López-Gamundí,
1986; Kneller et al., 2004; Henry et al., 2008, 2010; Aquino et al.,
2014; Limarino et al., 2014a; López-Gamundí et al., 2016; Valdez
Buso et al., 2017, 2020; Alonso-Muruaga et al., 2018; Moxness
et al., 2018; Pauls et al., 2021; Malone et al., 2023a). Some of these
paleovalleys enabled drainage toward the sea to the west, while
through going valleys allowed marine transgressions toward the
continent.

2.3. Ansilta Formation

The Ansilta Formation study area is located 5 km southeast of
the Astronomical Observatory El Leoncito near Barreal, San Juan
Province, Argentina (Fig. 1). Here the Ansilta consists of a lower

Fig. 2. Correlation of late Paleozoic sedimentary units in the Calingasta-Uspallata Basin displaying the time and occurrence of diamictite zones. Yellow highlight is the
formation of focus for this study. Modified after López-Gamundí et al. (1987), Taboada (2004, 2010), Henry et al. (2010). Biostratigraphic zones are provided. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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glaciomarine succession, and an upper nearshore to fluvial-deltaic
succession deposited during the LPIA along the eastern margin of
the Calingasta-Uspallata Basin (Malone et al., 2023a). The Ansilta
Formation unconformably overlies the Upper Ordovician to Lower
Silurian Hilario and Cabeceras formations and is overlain by the
Permo-Triassic Santa Clara Group (Csaky, 1963; Amos and
Rolleri, 1965; Fig. 3).

Several researchers (Amos and Rolleri, 1965; Harrington, 1971;
Amos and López-Gamundí, 1981; De Rosa, 1983; López-Gamundi,
1987; López-Gamundí and Martínez, 2003; Henry et al., 2008,
2010; López-Gamundí et al., 2010, 2016; Limarino et al., 2011;
Correa et al., 2022; Malone et al., 2023a) provide excellent descrip-
tions of late Paleozoic diamictite-bearing strata exposed in the
Calingasta-Uspallata basin. The Ansilta Formation was originally
defined by Harrington (1971) as a � 700 m thick succession that
includes the diamictite-bearing strata of the Calingasta-Uspallata
Basin. Prior to that, Amos and Rolleri (1965) informally subdivided
this succession into lower, middle, and upper sections. López-
Gamundí (1986) provided the first detailed sedimentological anal-
ysis of the lower and middle Ansilta Formation. Taboada (2004,
2010) provided a detailed biostratigraphic analysis of the unit
and recognized post-Levipustula faunas in the lower glacial succes-
sion (Malone et al., 2023a sequences 1–5; Fig. 3) and the upper
post-glacial succession (sequences 6–8), which places an upper-
most Bashkirian age limit through the top of sequence 8. Césari
et al. (2014) identified Permian plant remains of conifers and glos-
sopterids at the top of the upper succession (Sequences 9–10;
Fig. 3), signifying that the uppermost portion of the Ansilta Forma-
tion is Asselian or younger. Thus, prior to the onset of our work
here, two depositional successions were identified in the Ansilta
Formation, consisting of a lower glaciogenic succession and an
upper shallow marine and fluvial succession. The lower succession
of the Ansilta formation is correlative with other glaciogenic strata

elsewhere in the basin, is greater than 425 m thick, and is com-
posed of diamictite, conglomerate, sandstone, pebbly mudstone,
and shale (López-Gamundi, 1987; Taboada, 2004; Césari et al.,
2014).

Malone et al. (2023a; Figs. 3–4) placed the Ansilta Formation in
a sequence stratigraphic context and interpreted that the lower
glacially influenced succession (0–427 m) records at least five gla-
cial advances. The upper succession of the Ansilta Formation (427–
700 + m) consists of at least additional five siliciclastic sequences of
progradational shallow marine shelf, deltaic, and fluvial strata.

3. Methodology

3.1. Sample collection and preparation

This study expands upon J.E. Malone et al. (2023a) which pro-
vided a sequence stratigraphic framework of a � 700 m measured
section of the lower Ansilta Formation, located 5 km southeast of
the Leoncito Observatory in Leoncito National Park (�31.832014,
�69.244178). Six samples collected in the field were crushed and
processed for detrital zircon geochronology (n = 1225 total zircons
analyzed). Sampling horizons included the underlying early Paleo-
zoic basement (CU19-2), three sandstone lenses within the
diamictite-bearing portion of the lower succession (Fig. 4; CU19-
1, CU19-5, CU19-7), and two sandstones from the upper shallow
marine and fluvial succession (Fig. 4; CU19-10, CU19-11). We also
include detrital zircon data from the Tupe (Pauls, 2020; n = 72) and
Guandacol (Pauls et al., 2021; n = 76) formations of the Paganzo
Basin.

Zircon crystals are extracted from � 5 kg samples by traditional
methods of crushing and grinding, followed by separation with a
Wilfley table, heavy liquids, and a Frantz magnetic separator. Sam-
ples are processed such that all zircons are retained in the final

Fig. 3. Stratigraphic column, system tracts, and interpreted depositional processes for the lower (sequence 1–5) and upper (sequence 6–10) Ansilta Formation. Symbols
across the top for depositional environments include: Sh = Non-glacial shelf; Mn = Glacial minimum; D = Ice distal; Pr = Ice proximal; M = Morainal bank; Sf = Shoreface;
Dl = Delta; Dp = Delta plain; F = Fluvial. System tract and bounding surface nomenclature include: GAS = Glacial Advance Surface; GMaST = Glacial Maximum Systems Tract;
GRS = Glacial Retreat Surface; ITS = Iceberg Termination Surface; GMiST = Glacial Minimum Systems Tract; GRST = Glacial Retreat Systems Tract; SB = Sequence Boundary;
MRS = Maximum Retreat Surface; MFS = Maximum Flooding Surface; TST = Transgressive Systems Tract; HST = Highstand Systems Tract; BSFR = Basal Surface of Forced
Regression; FSST = Falling Stage Systems Tract; IVF = Incised Valley Fill; LST = Lowstand Systems Tract; FS = Flooding Surface. Sample locations are indicated.
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heavy mineral fraction. A large split of grains (thousands of grains)
is incorporated into a 100 epoxy mount together with fragments or
loose grains of Sri Lanka, FC-1, and R33 zircon crystals as the zircon
standards. The mounts are sanded down to a depth of � 20 lm,
polished, imaged, and cleaned prior to isotopic analysis.

Grains of interest are imaged to provide a guide for locating
analysis pits in optimal locations, and to assist in interpreting
results. BSE and color CL Images are generated with a Hitachi
3400 N SEM and a Gatan CL2 detector system (https://
www.geoarizonasem.org).

U–Pb geochronologic analyses were conducted by laser ablation
inductively coupled plasma mass spectrometry (LA-ICPMS) at the
Arizona LaserChron Center (https://www.laserchron.org). Methods
for U–Pb geochronology have been described by Gehrels et al.
(2006, 2008), Gehrels and Pecha (2014), and Pullen et al. (2018).
The analyses involve ablation of zircon with a Photon Machines
Analyte G2 excimer laser equipped with HelEx ablation cell using
a spot diameter of 20 lm. Data reduction was conducted using
AgeCalcML software (Sundell et al., 2021). Analyses with > 20% dis-
cordance, >5% reverse discordance, or > 10% internal (measure-
ment) uncertainty were excluded. Further details of the analyses
are included in the Supplementary Data file.

3.2. Multidimensional scaling

Given a table of pairwise ‘dissimilarities’, the MDS technique
utilizes principal component analysis (PCA) and produces a dimen-

sionless map of points on which samples with statistically similar
age distributions cluster close together and statistically dissimilar
samples plot farther apart (Vermeesch, 2012). MDS plots were con-
structed with DZmds (Saylor et al., 2019) using probability density
plot cross-correlation and the optimum number of dimensions to
reduce stress. The probability density plot cross-correlation MDS
approach can be sensitive to a sample size below n = 300 (Saylor
and Sundell, 2016), but provides the most dependable method
for assessing similarity among multiple samples (Saylor and
Sundell, 2016).

3.3. Kolmogorov-Smirnov (K-S) statistics

The K-S test utilized in this study follows the approach used by
Craddock et al. (2019), which compares two sample age distribu-
tions to determine if there is a statistically significant difference
between them. The fundamental measure for the K-S test is the P
value: if the P-value is < 0.05, the level of confidence that the
two age distributions are not the same (do not share similar prove-
nance) is > 95%.

3.4. Forward mixture modeling

We used a temporal approach to characterize eleven potential
sources terranes (parents) believed to contribute in varying pro-
portions to produce each measured basinal (child) age distribution.
Because of the complexity of the accretionary tectonic history,

Fig. 4. Photo mosaic of sampled lithologies from the Ansilta Formation. (A) Basal contact between Ansilta Formation and underlying Ordovician basement, with CU19-2
sampled from basement rocks. (B) Sample CU19-1 was collected from sandstone within diamictite in sequence 1. Ruler (0.5 m) for scale. (C) Sample CU19-5 comes from
sandstone with soft sediment deformation structures near the base of sequence 3. Ruler (0.5 m) for scale. (D) Sample CU19-7 collected from interlayered conglomerate and
sandstone at the top of sequence 4. Camera lens (7 cm) for scale. (E) Sample CU19-10 comes from a coarsening upward succession of sandstone and conglomerate at the top of
sequence 7. Ruler (1 m) for scale. (F) Sample CU19-11 collected from sandstone foresets from sequence 10. Geology pick (1 m) for scale.
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there is spatial overlap to these sedimentary, tectonic, and mag-
matic events, with a gradual increase in age in source terranes to
the east. We compiled 5864 magmatic and detrital U–Pb detrital
zircon ages from 147 published samples to characterize eleven
source terranes in west-central South America believed to be prin-
cipal sediment sources for the Ansilta Formation (DZ_Mix_-
Comp_FINAL in the Supplemental Data files; Fig. 5–Fig. 6). These
are (1) Rio de la Plata craton, (2) Western Precordillera, (3) Central
Precordillera, (4) Eastern Precordillera, (5) Western Sierras Pam-
peanas, (6) Eastern Sierras Pampeanas, (7) Famatinian belt, (8)
Paleozoic accretionary complex, (9) Devonian arc, (10,11) Car-
boniferous retro-arc, and (11) Carboniferous magmatic arc
domains.

Forward mixture modeling was completed using detritalPy-mix,
a new update to detritalPy toolkit (Sharman et al., 2018), that
determines a best-fit mixture and estimates uncertainty and model
goodness-of-fit through a ‘bootstrapping’ technique (Malkowski
et al., 2019, 2022). The ‘bootstrapping’ approach characterizes
the uncertainty associated with the best-fit models. Each parent
and child distribution (with replacement) were resampled for
one thousand iterations, providing a characterization of the distri-
bution of the best fitting mixture modelled child distributions and
best fitting Dmax values (Fig. 7A). To properly determine if the ‘best-
fit’ is a ‘good-fit’, a second resampling experiment was performed,
which resampled the child (with replacement) and then was com-
pared to the original observation. The second resampling experi-
ment enables the visualization of the variability in the observed

child (due to sampling) and the range of Dmax values expected
for comparison between two samples drawn from the child sample
(Fig. 7B, 7C). A model with a ‘good-fit’ has a large overlap between
the bootstrapped model comparisons and bootstrapped self-
comparisons.

The details of the LA-ICPMS U–Pb data, and the compiled data
for the detritalPy-mix are included in the Supplementary Data files.

4. Results

4.1. U–Pb geochronology

We report 1225 new U–Pb ages from detrital zircons from five
samples within the Carboniferous Ansilta Formation in the
Calingasta-Uspallata Basin (Fig. 7A). A sixth sample (CU19-2;
n = 211) collected from the underlying Ordovician strata and has
zircons that range in age from 2794 Ma to 451 Ma. The detrital zir-
con age mode is Mesoproterozoic (1099 Ma), with a lesser mode of
Ordovician age (470 Ma). The detrital zircon age spectrum for sam-
ple CU19-1 (n = 101; 9 m from base), collected from a sandstone
layer within the diamictite-bearing succession near the base of
sequence 1, ranges from 2043 Ma to 321 Ma. Detrital zircon age
modes for sample CU19-1 are 1170 Ma, 1078 Ma, 453 Ma and
365 Ma. Sample CU19-5 (n = 215; 168 m from base) comes from
a sandstone lens within a diamictite-bearing section from the bot-
tom of sequence 3 (Fig. 3). The detrital zircon age spectrum ranges
from 2702 Ma to 331 Ma and has a primary Chañic age mode of

Fig. 5. (A) Regional map of southern South America showing the eleven principal source terranes capable of supplying detritus to west-central Argentina during the late
Paleozoic. Individual dots represent compiled individual source data used to characterize specific source regions. (B) Overview of individual sources within the Sierra
Pampeanas in west-central Argentina.
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Fig. 6. Compiled detrital and magmatic zircon U-Pb ages (N = 159, n = 5441) across the eleven proposed source terranes in west-central Argentina: (1) Rio de la Plata craton,
(2) Western Precordillera, (3) Central Precordillera, (4) Eastern Precordillera, (5) Western Sierras Pampeanas, (6) Eastern Sierras Pampeanas, (7) Famatinian belt, (8) Paleozoic
accretionary complex, (9) Devonian arc, and (10,11) Carboniferous retro-arc and magmatic arc domains. Note: histogram bin width = 50 Ma; kernel density estimate
(KDE) = red line; probability density plot (PDP) = black line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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364 Ma, and secondary Mesoproterozoic age modes at 1102 Ma
and 1384 Ma. Sample CU19-7 (n = 214; 325 m from base) comes
from an interval of sandstone and pebble conglomerate within
the diamictite-bearing interval near the top of sequence 4. This
sample has a principal age peak of 366 Ma, a lesser peak at
1098 Ma, and the detrital zircon age spectrum ranges from 330
Ma to 2785 Ma. Sample CU19-10 (n = 214; 590 m from base)
was collected from a coarsening upward succession of sandstone
and conglomerate in sequence 7 of the upper succession (Fig. 3).
The detrital zircon age spectrum for this sample ranges from
2129 Ma to 353 Ma and has a detrital zircon age mode of
467 Ma with secondary modes at 537 Ma and 1090 Ma. Sample
CU19-11 (n = 271; 695 m from base) was collected from fluvial
sandstones from sequence 10 (Fig. 3). The detrital zircon age spec-
trum of this sample ranges from 3412 Ma to 327 Ma and has a pri-
mary detrital zircon age mode of 465 Ma, with secondary age
modes of 526 Ma and 1094 Ma. The maximum depositional age
for the Ansilta Formation is 332.1 ± 2.2 Ma based on the sampled
four youngest zircons with overlapping ages (Fig. 8).

4.2. Multidimensional scaling

The source area composite detrital zircon age spectra reveals
four distinct data clusters in 3-D MDS space (Fig. 9). The first clus-
ter includes the three Precordillera and western Sierras Pampeanas
composites. The Rio de la Plata Craton and eastern Sierras Pam-

peanas form a second cluster. The Famatinian Belt and Late Paleo-
zoic accretionary complex form a third cluster, and the
Carboniferous arc composites form the fourth.

Multidimensional scaling reveals a tight clustering of the three
Precordillera and the western Sierras Pampeanas source areas. This

Fig. 7. (A) Probability density plots (black) and Kernel density estimates of the Calingasta-Uspallata and Paganzo basin samples (n = zircons analyzed). The Dmax value
(relationship between the actually and modeled cumulative density functions) is indicated. (B) Plot of the distribution of calculated mixing coefficients, or proportions, from
each source through the one thousand iterations. (C) Results of the forward mixture modelling. Each plot shows the U–Pb cumulative distributions.

Fig. 8. Maximum depositional age of the Ansilta Formation as determined from the
youngest subset of grains with overlapping ages.
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cluster also includes our sample CU19-2, which we collected from
immediately below the sub-Ansilta unconformity from the Ordovi-
cian basement. Sample CU19-1 from the base of the Ansilta also
plots within this cluster and is a K-S match with CU19-2. Sample
CU19-5, according to the K-S analysis, is statistically indistinguish-
able from CU19-1 and thus also has a strong affinity for the Proto-
precordillera source areas. Sample CU19-7 is distinguishable from
all the other Ansilta samples, and clusters with the two Carbonifer-
ous magmatic arc source composites. Sample CU19-10 is from the
upper post-glacial succession. In terms of both K-S and MDS it is
distinguishable from everything and looks to be a complicated
mixture of clusters 1, 3, and 4. Sample CU19-11 clusters with the
Famatinian Belt and the Late Paleozoic accretionary complex and
is the closest sample to the Rio de la Plata and Eastern Sierras Pam-
peanas clusters, all of which are the most distal sediment source
areas. The Tupe and Guandacol samples from the Paganzo Basin
are part of this cluster as well, and K-S analysis indicates that these
age spectra and that of CU19-11 are statistically indistinguishable.

4.3. Source terrane characterization

The Rio de la Plata craton is the southernmost craton in South
America; it accreted to Gondwana during the Neoproterozoic-
Cambrian. It is located � 650 km east of the Sierra Pampeanas
and Protoprecordillera and consists mainly of Paleoproterozoic
(2.25–2.00 Ga) juvenile crust and a variety of Archean metasedi-
mentary, metavolcanic, and plutonic rocks (Hartmann et al.,
2001; Santos et al., 2003). These rocks are overlain by several km
of locally derived Neoproterozoic–Silurian continental margin
and cratonic strata (Gaucher et al., 2008).

The Precordillera source area is subdivided into west, central,
and east; this region is the most proximal to the Ansilta Formation

(Gleason et al., 2007; Abre et al., 2012; Thomas et al., 2015;
McKenzie et al., 2016; Arnol et al., 2020). Situated within the Cuya-
nia terrane, the Precordillera consists of Mesoproterozoic base-
ment rocks that are overlain by Cambrian cratonic strata and a
thick Ordovician clastic wedge. Crustal shortening associated with
the collision of the Chilenia terrane during the late Devonian
exhumed the Protoprecordillera, making it a prominent eastern
highland throughout the Carboniferous. The western Precordillera
is characterized by Mesoproterozoic and Neoproterozoic age signa-
tures (1.3–1.0 Ga), derived from Cuyania terrane basement rocks.
The central Precordillera consists of higher proportions of Neopro-
terozoic–Cambrian age signatures, likely from overlying Neopro-
terozoic–Cambrian strata (Thomas et al., 2015). The eastern
Precordillera displays a noticeable lack of Cambrian–Neoprotero-
zoic ages, however a significant 1.3–1.0 Ga mode is observed.

The Sierras Pampeanas are situated east of the Precordillera and
divides the Paganzo Basin. We subdivide the Sierras Pampeanas
into eastern and western domains. The western Sierras Pampeanas
consist of 1.3–1.0 Ga basement massifs of the Cuyania terrane
(Naipauer et al., 2010; Ramacciotti et al., 2015; Rapela et al.,
2016) with an overlying Neoproterozoic metasedimentary succes-
sion with the same zircon age spectrum. The eastern Sierras Pam-
peanas exhibit a similar 1.3–1.0 Ga signature. However, this region
shows a high proportion of 650–500 Ma U–Pb signatures owing to
the presence of Neoproterozoic to Ordovician low–high grade
metasedimentary rocks that are intruded by extensive granites of
the early Cambrian Pampean orogeny (Schwartz et al., 2008;
Rapela et al., 2016).

The Ordovician granitoids of the Famatinian magmatic arc
intruded into a thick early Paleozoic metasedimentary succession
of the Sierras Pampeanas, providing an Ordovician (�476 Ma)
age mode. The accretion of the Cuyania terrane outboard of the

Fig. 9. (A) Plot of relative source contributions (phi) for the Ansilta Formation samples. Circles denote the best fit mixtures, while pie charts depict the total best fit
proportions. (B) Three-dimensional multidimensional scaling (MDS) comparisons of detrital zircon U–Pb ages. Parent source terranes are indicated by the smaller variably
colored circles. The pie charts are the various Ansilta samples. Heavy arrows indicate closest comparison. Light arrows indicate second closest comparison. Age proportion
colors are indicated in Fig. 5.
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Gondwanan margin later in the Ordovician led to the cessation of
arc magmatism (Pankhurst et al., 2000; Ducea et al., 2010). Super-
imposed upon the Sierras Pampeanas is the middle-late Devonian
(Chañic) magmatic arc, characterized by a unimodal zircon age
population of � 375 Ma (Dahlquist et al., 2013, 2019, 2021;
Cámera et al., 2018).

Carboniferous magmatism was interpreted by Dahlquist et al.
(2021) to occur in two principal domains: a magmatic arc domain
(Dahlquist et al., 2018a, 2018b; Moreno et al., 2020), and a retro-
arc magmatic domain (Alasino et al., 2012; Fogliata et al., 2012;
Dahlquist et al., 2013, 2016, 2018a, 2018b; Cámera et al., 2017;
Grande et al., 2021). These two regions display unimodal age pop-
ulations of 349 Ma and 341 Ma, respectively. While the exact geo-
graphic boundaries for these two regions are not well defined, the
magmatic domain is more proximal. Magmatic arc domain rocks
are also present in the frontal Cordillera, but these were outboard
and exposure during Ansilta deposition is doubtful. The retro-arc
magmatic domain is situated farther eastward within the Sierras
Pampeanas system. However, it is also possible that more proximal
occurrences of these magmatic rocks of these ages remain to be
delineated in the Precordillera.

A late Paleozoic accretionary prism consisting of metasedimen-
tary and metavolcanic rocks occurs within the frontal Cordillera,
which was outboard of the Calingasta-Uspallata basin during the
deposition of the Ansilta Formation (Hervé et al., 2013). Although
most workers invoke an easterly source for Ansilta sediment
(Malone et al., 2023a and references therein), recycling from a
westerly source cannot be precluded. Thus, we include these data
as part of our analysis.

5. Discussion

5.1. Ansilta provenance

The oldest glacially influenced sample (CU19-1) was sourced
from Ordovician strata in the Precordillera and western Sierras
Pampeanas or recycled from older rocks of the Cuyania basement
less than 100 km to the east. Thomas et al. (2015) discuss the
provenance of detrital grains from the Middle-Upper Ordovician
clastic wedge in the Precordillera, which has detrital zircons from
1350 Ma to 1100 Ma and a secondary mode from 1500 Ma to
1350 Ma. They interpret the strata as having formed as an accre-
tionary prism that derived sediment from the western Sierras Pam-
peanas (younger Proterozoic-aged population) and a Laurentian
source (older ages). Ordovician aged strata located 5–10 km to
the east and immediately to the north of our study area indicate
that the local basement underlying the Ansilta Formation likely
served as the main source for the 1170 Ma and 1078 Ma age grains
(Thomas et al., 2015). The Devonian zircons within the sample set
for the Ansilta Formation likely originated from granitic complexes
in the Andean Frontal Cordillera, Precordillera, or the Famatinian
Arch (Dahlquist et al., 2018a,b; Moreno et al., 2020). This restricted,
proximal source area supports the interpretation of valley glaciers
sourced in a high Protoprecordillera that discharged into a marine
setting during early Ansilta Formation deposition (Enkelmann
et al., 2014; Craddock et al., 2019; Pauls et al., 2021; Malone
et al., 2023a). This also is consistent with recent work by Ives
et al. (2022) on LPIA strata in Tasmania that involves a ‘‘local first”
approach to understanding glacially influenced sedimentary
provenances.

Sample CU19-05 also was sourced proximally in the Precordil-
lera or western Sierras Pampeanas but shows an increasing quan-
tity of first-cycle Devonian zircons. This is interpreted to represent
deriving sediment directly from a late Devonian to early Carbonif-
erous aged intrusive complex or reworked from an equivalent vol-

canic deposit. Late Devonian to Early Carboniferous intrusions are
not reported in the southern and central Precordillera, however
Moreno et al. (2020) and a geologic map of La Rioja Province
(Guerrero et al., 1993) show small intrusions of this age in the
northern Precordillera in the vicinity of Sierra de la Punilla and
Sierra de Maz. In the Cerro Veladéro area, early Carboniferous gran-
ites are partially exposed in paleovalley walls underlying the
diamictite-bearing Quebrada Larga Formation (Limarino et al.,
2014a). These are the closest intrusions of this age to the Ansilta
Formation, so it is interpreted that this area could provide the
source for the Devonian and would indicate an ice center situated
over the northern Precordillera.

Sample CU19-07 is dominated by a Devonian arc age peak, and
the absence of significant Famatinian and Mesoproterozoic ages
imply that ice was sourcing material from local post-orogenic
granitic intrusions during the height of glaciation with minimal
sediment reworking. The closest source of late Devonian to early
Carboniferous intrusions occur in the northern Precordillera
(Dahlquist et al., 2018a,b; Moreno et al., 2020).

Upon closer inspection of the probability density plot, there are
two detrital zircon age modes evident at � 355 Ma and � 366 Ma,
respectively. Plutonic rocks of this age occur in the Achala batho-
lith in the eastern Sierras Pampeanas, which is more than
250 km to the east of the study area and across the Paganzo Basin.
If these zircons were indeed sourced from the east, this would indi-
cate more extensive glaciation in southwest Gondwana at this
time. This would support the interpretation of Starck et al.
(2021) of an ice sheet that extended from the Rio de la Plata craton
to the northern Precordillera. We do not favor this interpretation,
as Moxness et al. (2018) and Pauls et al. (2021) only found direct
evidence of glaciation along the western margin of the Paganzo
basin, and these deposits were sourced from the Precordillera fur-
ther to the west. No evidence for glaciation was observed in strata
present in the eastern Paganzo Basin, which would be necessary as
the Achala batholith occurs east of these deposits. A third hypoth-
esis is that late Devonian–early Carboniferous batholiths exist in
the Precordillera itself, and these rocks are either eroded away,
or not yet delineated. We favor this hypothesis because zircons
from other distal source terranes are not abundant in this sample.
It is possible though that there was variation in topography, glacia-
tion, and sedimentation north–south along the Precordillera strike
with discreet basins that have unique sedimentary and tectonic
settings.

Samples CU19-10 and CU19-11 have much different detrital zir-
con age spectra than the lowermost Ansilta Formation samples. No
Devonian signal is evident with the � 465 Ma Famatinian signal
being dominant and Pampean (�530 Ma) and Grenville
(�1090 Ma) ages being smaller. These signals share some resem-
blance to the lowermost Ansilta Formation sample (CU19-01) with
the distinction of having greater Famatinian age zircon grains in
the population, so it is likely that these grains were derived locally
from the underlying Ordovician and Silurian aged basement as
well as reworked from Carboniferous strata to the east. Sample
CU19-11 contained the oldest analyzed zircons, including three
that are > 3000 Ma. These likely were derived from the Rio de la
Plata craton but may have been recycled multiple times
(Hartmann et al., 2001; Santos et al., 2003; Gaucher et al., 2008).

Sample CU19-11 shares detrital zircon age spectrum character-
istics with the Tupe and Guandacol formation samples from the
Paganzo Basin (Pauls, 2020; Pauls et al., 2021) that support a distal
eastern source area for these zircons. We interpret this to support
the late Carboniferous collapse of the Protoprecordillera as a sedi-
ment barrier for the Ansilta region and source of alpine glaciation
to the Paganzo and Calingasta-Uspallata basins. Instead, a connec-
tion of the basins by fluvial-marine systems through the formerly
glaciated paleovalleys is evident.
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The central Cordillera to the west was not a principal source
area for the Ansilta Formation. The composite detrital zircon spec-
trum of Central Cordillera rocks is statistically related to the upper
Ansilta, Tupe, and Guandacol and these share a common sediment
source. We interpret the late Paleozoic accretionary complex to be
the down-slope correlative of the Ansilta Formation.

It is interesting to note that the Rio de la Plata craton was not a
principal sediment source for the upper Ansilta Formation as the
catchment does not appear to have extended beyond the eastern
Sierras Pampeanas and Famatinian regions. This could also be
because this region was covered by ice during late Ansilta and Tupe
deposition and synchronous with the earliest phases of Late Penn-
sylvanian–Early Permian glaciation in eastern South America.

5.2. Timing of Ansilta Formation deposition

. The maximum depositional age of � 330 Ma suggests that the
Ansilta Formation is broadly coeval with similar strata in the
Calingasta-Uspallata Basin as well as in the Río Blanco and Paganzo
basins (i.e. Río del Peñon, Tupe, and Guandacol formations) and
was likely deposited during and after the Serpukhovian-
Bashkirian glacial episode (Limarino et al., 2006, 2014; Henry
et al., 2010; López-Gamundi and Buatois, 2010; Isbell et al., 2012,
2021; Montañez and Poulsen, 2013; Craddock et al., 2019; López-
Gamundí et al., 2021). Gulbranson et al. (2010) delineated
a � 320 Ma ash bed in the basal transgressive succession of the
Río del Peñon (Guandacol equivalent) in the Río Blanco Basin that
marks the lower age limit of the Serpukhovian-Bashkirian glacial
episode there. We believe this to be a reasonable age estimate
for the termination of glaciation in the lower Ansilta Formation
as the Calingasta-Uspallata and the Río Blanco basins are N–S con-
tiguous features. Although ample evidence for the earlier Visean
glaciation exists elsewhere in southwest Gondwana (e.g., Caputo
and Crowell, 1985; Caputo et al., 2008; Rocha-Campos et al.,
2008; Gulbranson et al., 2010), the upper limit of � 335 Ma for this
episode is too old to be recorded in the Ansilta Formation.

The youngest Ansilta Formation zircons are unlikely to have
originated from Carboniferous intrusions. Instead, these grains
may have been derived from the active magmatic arc situated
along the Panthalassa margin offboard to the west (Hervé et al.,
2013). It is also admissible that sequences 9–10 are latest Pennsyl-
vanian or earliest Permian in age, as would be consistent with the
biostratigraphic work of Césari et al. (2014). Our data also indicates
that the Protoprecordillera collapse occurred no earlier than the
end of the Bashkirian (�315 Ma) at this location. This contrasts
with the ideas proposed by Milana and Di Pasquo (2023) for correl-
ative strata to the north, that the Precordillera was not a significant
topographic barrier at any time after the late Devonian.

5.3. Late Carboniferous collapse of the Precordillera

The Precordillera region of Western Argentina has taken on
importance in determining the extent of LPIA glaciation in western
Gondwana. One hypothesis suggests the occurrence of an exten-
sive ice sheet extending over eastern South America (Milana and
Bercowski, 1993; Aquino et al., 2014; Valdez Buso et al., 2021;
Milana and Di Pasquo, 2023) from an ice center located over either
the Rio de la Plata Craton in eastern South America, southern
Africa, or in Antarctica (Scotese and Barrett, 1990; Starck and del
Papa, 2006; Starck et al., 2021). In this scenario, outlet glaciers dis-
sected a low lying hummocky coastal area in the Precordillera
region drained ice from this eastern ice sheet into marine embay-
ments to the west (Valdez Buso et al., 2017, 2021; Milana and Di
Pasquo, 2019, 2023).

The other hypothesis suggests that a number of ice centers and
alpine/valley glaciers formed on uplands in western Argentina

Fig. 10. Reconstruction of Ansilta Deposition in the Calingasta-Upsalatta basin.
Beginning of Episode II Glaciation (sequences 1–3; samples CU19-1 and CU 19–5):
Glacially influenced forearc basin adjacent to a high Precordillera with locally derived
sediment. Culmination of Episode II Glaciation (sequence 4–5; CU19-7): Glacially
influenced intra-arc basin. The appearance of late Devonian and early Carboniferous
zircons indicate the erosional denudation and tectonic collapse of the Precordillera
caused by the outward shift in subduction and development of arc magmatism in the
main Cordillera. Sediment remains locally derived. Flooding of the Ansilta paleovalley
(sequence 6; sample CU19-10): Post-glacial mudstone sedimentation replaces diamic-
tites following the demise of local glaciation. Post Episode II Glaciation (sequence 7–10;
sample CU19-11): Precordillera collapse causes the end of alpine glaciation. The upper
Ansilta formed in a retro-arc basin with sediment derived from distal sources in the
Famatinian belt and Sierras Pampeanas. Sediment is transported through a system of
paleovalleys that connect through the Paganzo Basin.
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including a substantial discontinuous upland, the Protopre-
cordillera, from which, valley glaciers/fjords radiated outward
away from highs (López-Gamundí et al., 1994; Henry et al., 2008;
Limarino et al., 2014a), flowing towards the N, S, E, and W (e.g.,
Scalabrini Ortiz, 1972; Andreis et al., 1975; Buatois and
Mángano, 1994; López-Gamundí et al., 1994, 2016; López-Gamun
dı́ and Martı́nez, 2000, 2003; Kneller et al., 2004; Marenssi et al.,
2005; Dykstra et al., 2006; Henry et al., 2008, 2010; Aquino et al.,
2014; Limarino et al., 2014a; Malone et al., 2023a; Milana and Di
Pasquo, 2023). Valleys cutting into these uplands were at least
1000 m deep (top of the valley walls to basal deltaic deposits; cf.
Dykstra et al., 2006). Limarino et al. (2014a), Pauls et al. (2019),
Pauls (2020) and Correa et al. (2022) suggested that the Protopre-
cordillera formed a partial barrier to circulation of moisture (oro-
graphic effect) and marine waters from the Panthallasan margin
during glacial times. Post glacial connections between the east
and west were established either by breaching of barriers, or by
collapse of the Protoprecordillera during late Bashkirian time
(Limarino et al., 2014a; Correa et al., 2022).

The identification of sediment routing patterns during the mid
Carboniferous glaciation in the Precordilleran region of Argentina
is critical in determining the paleogrography of western Gondwana
and determining ice extent during the LPIA. Results of our work
indicate that glaciogenic deposits were sourced locally from rocks
exposed in the current Precordilleran and that sediment was not
derived from an ice sheet centered over eastern South America
(Fig. 10). There was little to no connection between Ansilta strata
and strata currently exposed in the Paganzo Basin. Distal sources
in the Sierra Pampeanas and the Rio de la Plata Craton occur during
development of post-glacial, shallow marine and fluvial deltaic
sedimentation in the Ansilta Formation suggesting that either the
upland housing the earlier glaciers was breached or that the Proto-
precordillera collapsed allowing sediment from the east into the
Calingasta-Uspallata Basin.

6. Conclusions

The following conclusions can be drawn from this research:
(1) The detrital zircon grains of the glacially influenced lower

Ansilta Formation were sourced locally in the Protoprecordillera.
Alpine glaciers filled paleovalleys and discharged directly to the
sea. This indicates that the Precordillera was high and humid
enough to seed glaciers. Moreover, both ice and Precordillera bed-
rock served as barriers for distally derived sediment. This contrasts
with the ideas proposed by Milana and Di Pasquo (2023) for correl-
ative strata to the north, that the Precordillera was not a significant
topographic barrier after the late Devonian.

(2) The non-glacial upper Ansilta Formation was sourced in the
Sierras Pampeanas and Famatinian terranes. This occurred follow-
ing the collapse of the Protoprecordillera and represents that a
drainage link occurred between the Calingasta-Uspallata and
Paganzo basins during the late Pennsylvanian-Cisuralian.
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